ABSTRACT In the eggs of the quail Coturnix japonica, the limiting membrane demarcates the shell membrane at the interface with the albumen and decreases in width during the hatching process. This study was done to identify agents that affect the width of this limiting membrane. Zymography tests on extracts from extraembryonic tissues, yolk sacs, or chorioallantoic membranes, or all three, showed proteolytic activities during d 4 to 10 of incubation. Localization experiments on these activities, performed on d 5 eggs, indicated that they were located in an avascular chorion. Electron microscopic analysis showed there were secretory cells specifically located in the avascular chorion. After partial purification of d 5 avascular chorion extracts using QA52 and Sephadex G-200 column chromatography, the proteolytic activity of 20 kDa was isolated. The protease showed a high level of activity toward succinyl-Gly-Pro-Leu-Gly-Pro-4-methylcoumaryl-7-amide. It had an optimal pH of 9 and digested the limiting membrane. These enzymatic activities were inhibited moderately by EDTA and strongly by leupeptin and aprotinin. It was concluded that it is the 20-kDa protease, showing collagenase-like activity produced by the avascular chorion, that affects the limiting membrane.
INTRODUCTION
It is important for embryos that develop on land to protect themselves from drying out. Avian eggs or embryos have an eggshell and shell membrane to retain water inside these envelopes. The shell membrane is primarily responsible for this task because the eggshell is basically perforated with several pores (Peebles and Brake, 1985; Burley and Vadehra, 1989) . However, the most crucial portion of the shell membrane for moisture retention is the limiting membrane, which is the innermost smooth layer of homogeneous, dense material (Tan et al., 1992; Mao et al., 2006) . This structure prevents excess water loss through the shell membrane, which is essentially a meshwork of spacings large enough for the passage of water molecules (Becking, 1975) . The superiority of the avian limiting membrane in terms of water retention is further supported by comparison with a similar membrane in reptilian eggs. The reptilian limiting membrane has many canals that run perpendicular to the membrane plane (Yoshizaki et al., 2004a) , presumably making the egg less water-resistant. This may contribute to the choice of more or less wet habitats for the incubation of eggs by most reptile species.
The width of the limiting membrane of fertile eggs decreases by approximately half during incubation in the quail . Such thinning might afford an easier exchange of materials through the membrane, resulting in an acceleration of gas exchange (Kutchai and Steen, 1971) and calcium uptake from the eggshell (Johnston and Comar, 1955; Simkiss, 1961; Ono and Wakasugi, 1984) during embryonic development. In particular, near the end of development, the complete loss of water retention properties is necessary for the embryos to start breathing air, adapt to living on land, and open the cloacal membrane (Baintner and Fehér, 1974) .
Most avian eggs need to be turned during incubation for normal hatching to take place (Deeming, 2002; Mao et al., 2007) . Previously, we showed that the decrease in the width of the limiting membranes was delayed on the lower side of the egg if it was unturned . Because the embryos were always located facing upward in the shell membrane, we speculated that some agent, probably proteolytic in nature, was produced by embryonic cells, the production site moving downward along the inner surface of the shell membrane. The aims of the present study were to localize the cells responsible for the production of this agent and to characterize this protein.
MATERIALS AND METHODS

Materials
Fertilized eggs of the Japanese quail Coturnix japonica were incubated at 39°C and 60% RH with their blunt end up in an incubator where they were automatically subjected to a see-saw motion at an angle of 90° every 2 h. Embryonic development was measured in days of incubation. Extraembryonic tissues were collected in Ringer's solution (Olsen and Neher, 1948 ) and frozen at −20°C. The frozen tissues were macerated with a pair of scissors and homogenized in 3 volumes of Ringer's solution. After centrifugation at 7,800 × g for 10 min, the supernatant was collected and kept at −20°C.
Enzyme Purification
Each tissue extract was dialyzed against 30 mM TrisHCl buffer (pH 8.0) overnight and subjected to ionexchange chromatography. The sample was applied to a column of QA52 (3 × 10 cm; Whatman, Maidstone, UK). The column was washed with the same buffer and then eluted using the buffer with a linear gradient of 0 to 0.7 M NaCl. The eluate was fractioned with a volume of 3 mL. The active fractions were pooled and dialyzed against distilled water overnight, centrifuged at 7,800 × g for 10 min, and the supernatant was lyophilized.
The lyophilate was then dissolved in 2 to 3 mL of 10 mM Tris-HCl buffer (pH 7.5) containing 150 mM NaCl and applied to a Sephadex G-200 column (1.6 × 90 cm; Pharmacia, Upsala, Sweden). The column was eluted with the same buffer. The active fractions were pooled.
Protein Determination
Protein concentrations were determined according to the protocol of the manufacturer for the Pierce BCA protein assay kit (Pierce, Rockford, IL; Smith et al., 1985) . Bovine serum albumin was used as a standard.
Enzyme Assay
The enzyme assay was conducted as follows: a mixture consisting of 0.4 mL of distilled water, 0.25 mL of 100 mM Tris-HCl buffer (pH 8.5), and 0.1 mL of sample was preincubated at 37°C for 4 min and after the addition of 0.25 mL of 400 μM 4-methylcoumaryl-7-amide (MCA) peptides (Peptide Institute, Osaka, Japan), incubated for 6 min more. The reaction was stopped by the addition of 1.5 mL of 0.1 M sodium chloroacetate.
The formation of 7-amino-4-methylcoumarin (AMC) was measured with a Hitachi F3010 fluorescence spectrophotometer (Hitachi, Tokyo, Japan) at 380 nm (excitation) and 460 nm (emission). One unit of hydrolytic activity was defined as the amount of enzyme that released 1 μM AMC per minute under the conditions described above.
To determine the pH optimum of the enzyme, the following buffer systems were used: 0.05 M Tris-maleate (pH 5.5 to 8.5), 0.05 M Tris-HCl (pH 7.0 to 9.5), and 0.05 M glycine-NaOH (pH 8.5 to 10.5).
For inhibitory tests, enzymes were incubated for 30 min at room temperature with inhibitors at various concentrations and were subsequently treated as mentioned above. The inhibitors used were obtained from suppliers as follows: Z-Phe-Phe-CHN 2 and (l-3-transcarboxyoxirane-2-carbonyl)-l-leucyl-agmatine (E-64) were from the Peptide Institute; NaF was from Wako Pure Chemicals (Tokyo, Japan); aprotinin and EDTA were obtained from Nacalai Tesque (Tokyo, Japan); leupeptin, phenylmethanesulfonyl fluoride, chymostatin, pepstatin A, and bestatin were from Sigma (St. Louis, MO).
Zymography
Zymography with gelatin as a substrate was performed according to the method of Heussen and Dowdle (1980) with some modifications. Briefly, samples were mixed with SDS sample buffer in the absence of reducing agents, heated in boiled water for 10 min, and then electrophoresed on 10% SDS-polyacrylamide gels co-polymerized with 0.1% gelatin. After electrophoresis, the gels were washed twice for 30 min in 2.5% Triton X-100 and incubated overnight at 37°C in 0.1 M glycine-NaOH buffer (pH 9). After incubation, gels were stained with 0.2% aminoblack in a solution of 30% methanol and 10% acetic acid for 2 h and destained with the solution. The protein markers (Kaleidoscope prestained standards) used for the zymography were purchased from Bio-Rad (Hercules, CA). In some experiments, the above-mentioned inhibitors were included in the incubation solution or the pH system of the solution was changed.
Light Microscopy
Extraembryonic tissues from d 5 embryos were fixed in Bouin's solution and embedded in paraffin. Sections were stained with hematoxylin and eosin.
Electron Microscopy
Extraembryonic tissues were fixed with 2.5% glutaraldehyde in 0.1 M cacodylate buffer at pH 7.2. The specimens were rinsed in the buffer, postfixed with 1% osmium tetroxide in the same buffer for 1 h, dehydrated in acetone, and embedded in epoxy resin. Thin sections were stained with uranyl acetate and lead citrate.
Shell membranes from d 3 eggs were incubated in Ringer's solution containing isolated protease (1 U/ mL) with or without leupeptin (20 μg/mL) for 1 d at 37°C and processed for electron microscopy.
RESULTS
Zymography of Extracts from Extraembryonic Tissues
Proteolytic activities of extracts from extraembryonic tissues were examined by zymography. The tissues consisted of yolk sacs on d 1 to 4 of incubation, yolk sacs and chorioallantoic membranes on d 5 to 8, and chorioallantoic membranes on d 9 to 12. The proteolytic activity of a 20-kDa enzyme appeared on d 4, rose to a maximum on d 5, and gradually decreased until d 10 ( Figure 1 ). An additional activity of a 40-kDa hatching enzyme was observed around d 3 to 4, and activities of 66-kDa doublets were observed during d 5 to 12, with a peak on d 8. Figure 2 shows a section of extraembryonic tissue from a d 5 egg. Three portions were distinguished in the outermost part of the tissue: an area vasculosa of the yolk sac, an avascular chorion, and an allantochorion. Electron microscopy revealed the outer cells of the avascular chorion to be filled with electron-dense, secretory granules and to have a well-developed Golgi complex (Figure 3a,b) . The outer cells of the area vasculosa also possessed granules but were of similar electron density to those of the egg white (Figure 3c ). They may represent an intake of egg white that occurred on a small scale during d 4 to 7 . No secretory granules were observed in the cells of the allantochorion (Figure 3d) .
Localization of the Proteolytic Activity
When zymography tests were performed separately on the extracts from these 3 portions, the extract from the area vasculosa showed weak activity as a 20-kDa enzyme, that from the avascular chorion showed both 20-kDa and 66-kDa enzymes, and that from the allantochorion showed no activity (Figure 4) . Thus, most of the enzymatic activity of the 20-kDa protease was localized to the avascular chorion.
Isolation of the 20-kDa Protease Activity
The extracts from the avascular chorion of d 5 eggs were fractioned through QA52 ion-exchange chromatography (Figure 5a ) and Sephadex G-200 chromatography (Figure 5b ). The enzyme was purified about 6-fold over the crude extract and had a specific activity of 0.77 units/mg of protein, with a recovery of 33.3%. Although the purification did not result in complete homogeneity, the activity of the 20-kDa protease was apparently isolated, as shown by the gelatinolysis in Figure 6 . The same pattern of zymography was obtained with caseinolysis (not shown).
Characterization of the 20-kDa Protease
To determine the substrate specificity of the 20-kDa protease, various fluorogenic MCA substrates were incubated with the enzyme, and the amount of AMC released was measured with a fluorescence spectrophotometer (Figure 7 ). Using succinyl (Suc)-Gly-Pro-LeuGly-Pro-MCA as a basis (100%), the relative activity toward Suc-Ala-Ala-Pro-Phe-MCA was about 41% and less than 6% toward the other Suc substrastes used. Butyloxycarbonyl, benzyloxycarbonyl, and benzoyl peptides, which were developed for substrates of various proteolytic enzymes, were all less sensitive to the protease.
The effects of pH and various inhibitors on enzymatic activity were examined both quantitatively by using Suc-Gly-Pro-Leu-Gly-Pro-MCA as a substrate and qualitatively by zymography. The optimal pH for enzymatic activity was around 9 (Figure 8 ). The activity was inhibited moderately by EDTA and strongly by leupeptin and aprotinin (Figure 9 ). 
Digestion of the Shell Membrane with the 20-kDa Protease
To determine whether the isolated protease could degrade the limiting membrane, we incubated the shell membranes of d 3 eggs with the protease with or without leupeptin and observed the specimens electronmicroscopically. The innermost surface of the limiting membrane appeared to be reduced in its electron density by the protease, but not by the protease plus leupeptin (Figure 10 ).
DISCUSSION
The extraembryonic tissues in avian embryos have been used as an experimental material for studies of hatching enzyme production in the ectodermal layers of yolk sacs (Yoshizaki et al., 2000; Yasumasu et al., 2005) , the absorption of albumen in ectodermal layers of albumen sacs , the absorption of yolk in endodermal layers of yolk sacs (Gerhartz et al., 1997 (Gerhartz et al., , 1999 Yoshizaki et al., 2004b) , and the absorption of calcium at allantochorions (Simkiss, 1961; Terepka et al., 1969; Coleman and Terepka, 1972; Tuan and Scott, 1977; Tuan et al., 1978a,b; Tuan and Zrike, 1978; Anderson et al., 1981; Tuan, 1987) . The present study showed that an avascular chorion, which is located in front of the advancing allantochorion and is distinguished from other areas by ultrastructural features, produces a proteolytic enzyme of 20 kDa. The activity of the 20-kDa protease appeared on d 4 of incubation, peaked on d 5, and gradually decreased until d 10. This change strongly suggests a role for avascular chorion in some developmental events in the quail.
The inner surface of the shell membrane of quail eggs is coated with a limiting membrane (Bellairs and Boyde, 1969) , which appears as a smooth layer of homogeneous dense material and has a width of 74 nm in eggs on d 0 of incubation . During the incubation of eggs being turned, the width reduced to 35 nm between d 3 and 10 . The chronological coincidence of the decrease in membrane width with the change in enzyme activity mentioned above may indicate that the function of the 20-kDa protease is to digest the limiting membrane at appropriate developmental stages. Because the embryonic body is always located facing upward in the shell membrane, the extraembryonic tissues emerge there and move downward along the inner surface of the shell membrane during development; therefore, the limiting membrane on the upper side of the egg, if it is not turned, would be affected first, whereas that on the lower side would not be affected until the developing tissues have made contact with it. Our previous observations confirmed that the decrease in membrane width was delayed on the lower side of unturned eggs . The significance of egg turning, which is needed to increase hatchability in Aves (Deeming, 2002; Mao et al., 2007) , is to expand the area of the limiting membrane in contact with the avascular chorion, thus enabling the width of the membrane to be sufficiently and equally reduced over the whole surface by the 20-kDa protease produced.
The present study showed digestion of the limiting membrane by an isolated 20-kDa protease. However, the digestion in vitro was limited in extent and restricted to the innermost surface of the membrane. The reason an extensive amount of digestion of the limiting membrane occurs in vivo can be explained as follows. Vitelline membranes and the egg white reside between the limiting membrane and the yolk sac in developing eggs (Burley and Vadehra, 1989) . These egg envelopes are digested or dislocated gradually from the animal pole side (embryonic side) toward the vegetal pole side, in accordance with the advance of the yolk sac, during d 2 to 8 of incubation (Yoshizaki et al., 2000 . Then, the avascular chorion that develops later in the rear of the yolk sac comes into direct contact with the limiting membrane. Along with these processes, the water in the egg white moves into the yolk sac through the blastoderm (Babiker and Baggott, 1995; Latter and Baggott, 2002) , doubling the volume of the yolk cell (Yoshizaki et al., 2004b) and pushing the chorion from the interior against the limiting membrane. Such a close apposition of the avascular chorion and the limiting membrane could maintain the highest concentration of secreted enzyme at the membrane and lead to effective digestion. The physical scrubbing by the chorion during egg turning may accelerate the reduction in the membrane.
The activities of 66-kDa proteases appeared on d 5 of incubation, peaked on d 8, and gradually decreased until d 12. The incubation period from d 5 to 12 corresponds to the period for the allantoic sac to differentiate and develop under the chorion in quail embryos. The timely breakdown of the extracellular matrix is essential for the development of the allantoic sac because it penetrates into the space between the chorion and the underlying connective tissues. Thus, the appearance of an avascular chorion in front of the advancing allantochorion is explainable, and a possible candidate for the 66-kDa proteases may be matrix metalloproteinases (Nagase and Woessner, 1999) . We speculate that the 66-kDa proteases may be eliminated from the list of enzymes that participate in the breakdown of the limiting membrane.
The isolated 20-kDa protease effectively cleaved SucGly-Pro-Leu-Gly-Pro-MCA (substrate for collagenaselike peptidase), but not other Suc-MCA nor butyloxycarbonyl, benzyloxycarbonyl, and benzoyl MCA that developed for various proteolytic enzymes, indicating that a single activity was isolated under the conditions used, although complete purification of the protease was not achieved. The optimal pH for proteolytic activity to degrade the MCA substrate and gelatinolytic activity on zymography was around 9. The inhibitory assay showed that the protease activity was inhibited by an inhibitor of both serine protease and metalloproteinase. These results indicate that the protease is a collagenase-like protease.
Although the present study suggests that the 20-kDa protease is produced by secretory cells that are located at the avascular chorion, direct evidence to prove this has not yet been obtained. The enzyme may be involved in the secretion of granules or may be bound to cellular membranes. To examine the precise localization of the 20-kDa protease, the production of specific probes is needed. Figure 9 . Inhibition of the 20-kDa protease activity by various types of inhibitors. The proteolytic activity was determined by zymography (a) and quantitatively (b) as mentioned in Figure 8 . For zymography, each lane was cut after electrophoresis and incubated in a solution containing the following inhibitors: none (1), EDTA (2), phenylmethanesulfonyl fluoride (PMSF) (3), NaF (4), bestatin (5), (l-3-trans-carboxyoxirane-2-carbonyl)-l-leucyl-agmatine (E-64) (6), chymostatin (7), Z-F-F-CHN 2 (8), pepstatin (9), aprotinin (10), and leupeptin (11) 
